Abstract-Operation and planning of a power system are constrained by the rating of power lines. Usually, the static line rating is used for system operation and planning. The static line rating defined for an electric grid uses the same conservative weather assumptions for the whole grid regardless of the location of each line or its maximum-allowable conductor temperature. A separate analysis of the weather magnitudes measured in a pilot line shows how favorable air temperature and solar heating compensate for unfavorable wind speed. However, this compensation is limited for higher maximum-allowable conductor temperatures. As a result, the risk of the static line rating exceeding this maximum temperature is higher for HTLS conductors. An adaptive static line rating is proposed to control the assumed risk. The wind speed assumption for the static rating is reduced for higher maximum-allowable conductor temperature.
I. INTRODUCTION
O VERHEAD lines are exposed to variable weather conditions that affect their rating. This rating is limited by the maximum-allowable conductor temperature (MACT) of conductors. The reason for this temperature limit is related either to clearance limitations or to conductor annealing. The conductor temperature that results from line operation should never go over the MACT. This conductor temperature depends on the weather conditions. With conditions, such as high cooling because of high wind or low air temperature, conductor temperature is lower, and vice versa. Therefore, the line rating is variable. To make the most of the line current-carrying capability, dynamic line rating (DLR) monitoring systems have been developed. These systems measure weather magnitudes in the vicinity of the line, or direct magnitudes such as conductor temperature, tension or sag [1] , [2] . Several utilities are trying to The authors are with the Department of Electrical Engineering, University of the Basque Country UPV/EHU, Bilbao 48013, Spain (e-mail:, igor.albizu@ ehu.eus; elvira.fernandezh@ehu; ralberdi004@ikasle.ehu.eus; miren.bedialau neta@ehu.eus; javier.mazon@ehu.eus).
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Digital Object Identifier 10.1109/TPWRD.2018.2855805 implement these systems for grid operation [3] , [4] . DLR monitoring systems provide information about the current state of lines, but grid operation requires predictions of the grid condition several hours in advance. This is why DLR forecasting methods are being developed [5] , [6] . In contrast to DLR monitoring, utilities traditionally have used the static line rating (SLR), a fixed rating system based on conservative weather conditions of low perpendicular wind speed (e.g., 0.6 m/s), a high air temperature (e.g., 30°C) and full solar heating (e.g., 1000 W/m 2 ) [7] . The SLR method has some limitations compared to DLR monitoring systems with regard to the use of the actual rating of the line. However, SLR has some important advantages as it does not require the installation of monitoring systems, it is secure, and it is easy to implement in wide areas of the grid. The assumed weather conditions are conservative but they do not provide a total protection because the actual wind speed is sometimes lower than the assumed value, or the air temperature and the solar radiation are higher [8] . However, the probability of this happening is low. According to [9] , for the static rating, "the highest local conductor temperature will not exceed the maximum design temperature by more than 20°C when the line current equals the line rating. The average temperature of a line section will not exceed the maximum design temperature by more than 10°C even under exceptional situations and will provide a confidence level of at least 99% that the conductor temperature will be less than the design temperature when the line current equals the line rating". Power system operation is usually limited by the static rating of power lines.
The replacement of conductors by high temperature low sag (HTLS) conductors allows secure and safe increase of line power flow without having to strengthen the transmission towers [10] - [14] . The MACT for these conductors is higher than for conventional conductors.
In an electric grid, the same assumed weather conditions are applied to all sizes and types of conductors regardless of the location of each line or its MACT [15] . However, the application of weather assumptions designed for conventional conductors of low MACT (e.g., 50°C), to high temperature low sag (HTLS) conductors with higher MACT (e.g., 150°C) results in a lower confidence level and higher temperature exceedance.
This article analyzes the effect of MACT in the security of the static rating. For this purpose, the weather magnitudes measured in a pilot line are used. In addition, an adaptive static rating method for system operation and planning that improves the security level for higher MACTs is developed. The security problem arises when the actual cooling of a line is lower than the cooling assumed for the rating. When the three weather magnitudes are favorable (actual wind speed higher than the value for the static limit, air temperature lower than the limit value and solar heating lower than the limit value), the static rating is secure. In this case, if the line current equals the static rating, the conductor temperature does not exceed the MACT. On the contrary, when all the three magnitudes are unfavorable, the static rating is unsecure. In this case, if the line current intensity equals the static rating, the conductor temperature exceeds the MACT. Fortunately, the probability of occurrence of the latter case is low because high air temperature and solar radiation do not correlate with low wind speed.
However, although some weather magnitudes are favorable, others can be unfavorable. This situation is quite common. The most common situations are those with unfavorable low wind speed, lower than the limit value, and favorable air temperature and solar radiation, lower than the limit value. In this case, the cooling can be favorable or not, depending on the particular values and their effects. Sometimes, low air temperature and solar heating can compensate for low wind speed resulting in favorable cooling, whereas at other times, the effect of low wind speed is stronger, resulting in unfavorable cooling. This is related to the diurnal cycle of the weather magnitudes. During the day, air temperature and solar radiation rise up to a maximum around midday, and wind speed increases as well. At night, wind speed decreases, and values of air temperature, and obviously solar radiation, drop too. Therefore, most low wind periods occur at night.
The thermal balance result is the key for the security of the line. Several studies have been carried out to model the thermal balance of overhead conductors [16] - [24] . The steady state thermal balance of an overhead conductor is defined by (1) , where P J is the Joule heating term, P S solar heating, P C convective cooling, and P R radiative cooling [17] .
The cooling effect of the weather magnitudes depends on the conductor temperature. The effect of the wind speed in the cooling of conductors is stronger than the effect of the air temperature and solar radiation at high conductor temperatures. As a result, when the MACT is higher, and air temperature and solar heating are favorable but wind speed is unfavorable, the compensation effect of air temperature and solar heating is smaller, and, more frequently, the resulting cooling is unfavorable. Consequently, the security of the static rating decreases.
A. Method for Quantifying Separately the Effect of Each Weather Magnitude
To quantify separately the effect of each weather magnitude, a procedure is defined. Firstly, the static solar radiation is substituted by the measured value and the ampacity is calculated, that is, the static air temperature and wind speed are maintained but the solar radiation is changed. Secondly, the static air temperature is substituted by the measured value, that is, the static wind speed is maintained but the solar radiation and air temperature are changed. Therefore, by comparing the ampacity of the second change (solar + air temperature) with the first change (solar), the effect of the air temperature is quantified. Thirdly, the wind speed is substituted by the measured value and the ampacity is calculated. In this case, all the weather magnitudes are the measured ones. Therefore, comparing the ampacity of the third change (solar + air temperature + wind speed) with the second change (solar + air temperature), the effect of the wind speed is quantified.
The thermal balance equations used for the calculation of the ampacity are those defined in CIGRE 601 [17] .
B. Pilot Line
To quantify this effect, the weather magnitudes measured in a 30-kV pilot distribution line in Spain are used (Fig. 1) . The wind speed is measured with an ultrasonic anemometer installed on a transmission tower at 10 m above ground. The solar radiation and air temperature sensors are located at 4 m above ground. Measurements are taken every minute from July 2010 to June 2013. The line conductors are ACSR of LA-180 type, with a diameter of 17.5 mm.
The latitude of the tower where the monitoring system is located is 43,21°and the longitude −02,41°. It is 120 m above sea level. The Cantabrian Sea is at a distance of 15 km. The terrain is composed of hills and some small woods.
The assumed weather values for the static rating are 0.6 m/s, 26°C, and 1000 W/m 2 . The histograms of the measured weather magnitudes are shown in Figs. 2-4 . Comparing the measured values with those of the static limit, 0.1% of the solar heating measurements, 3% of the air temperature measurements, and 42.4% of the wind speed measurements are unfavorable. Although the solar heating limit and the air temperature limit are conservative, the percentage of unfavorable wind speed measurements is large.
C. Results for MACT = 50°C
The static rating for a MACT of 50°C is 318 A. As the actual weather conditions differ from the assumed conditions, the actual rating value differs from the static rating. Figs. 5-7 show the histograms of the ampacity increase because of solar radiation, air temperature and wind speed respectively. The results show that the weather magnitudes differ not only in the percentage of unfavorable values, but in the magnitude of their effects. The favorable solar heating conditions increase the ampacity up to 18% at night when there is no solar radiation. The effect of the air temperature is larger: the ampacity decreases up to 30% with high air temperature and increases up to 60% with low air temperatures. The effect of the wind speed is the most important: the ampacity decreases up to 50% with no wind and increases up to 160% with high wind speed.
The actual ampacity and the static ampacity have been compared. Fig. 8 shows the histogram of the ampacity increase represented as a percentage over the static ampacity. The percentage of unfavorable ampacity cases (actual ampacity lower than the static value) is 2.7%. This value is much lower than the unfavorable wind speed percentage (42.4%). This means that most of the unfavorable wind speed situations are compensated with favorable solar radiation and air temperature.
An example of compensation is shown in Table I . The final ampacity is 363.3 A, 14.2% higher than the static value. Although the wind speed is low and results in an ampacity decrease, it is compensated by favorable solar radiation and air temperature. Fig. 9 shows the ampacity increase over the static limit because of wind speed on the y-axis, and the ampacity increase over the static limit because of the combined effect of solar heating and air temperature on the x-axis. In region A there is an increase of ampacity along both the x-axis and y-axis. 56.5% of situations over the total are in region A and are favorable. In region B ampacity decreases along both the x-axis and y-axis. 0.2% of situations are in region B and are unfavorable. In region C1 wind speed is unfavorable but is compensated by solar heating and air temperature, resulting in a favorable situation. 40% of situations are in C1. In region C2 wind speed is unfavorable, but although the solar heating and air temperature are favorable, the situation is unfavorable. 2.3% of the situations are in C2. In region D1 solar heating and air temperature are unfavorable but are compensated by wind speed, resulting in a favorable situation. 0.8% of the situations are in D1. In region D2 solar heating and air temperature are unfavorable but although the wind speed is favorable, the situation is unfavorable. 0.2% of the situations are in D2.
D. Results for MACT = 150°C
The static rating for a MACT of 150°C is 744.4 A. The rating is higher than for 50°C. Similarly, all the terms of the thermal balance represented by (1) are larger than for 50°C. As the thermal balance terms are different, the effect of the weather magnitudes changes. The relative effect of the wind speed increases over the effect of the solar heating and air temperature. Table II shows the same situation analyzed in Table I but for 150°C. The final ampacity is 661.8 A, 11.1% smaller than the static value. In this case, the unfavorable wind speed is not compensated by the favorable solar and air temperature values. For 50°C, the ampacity increase owing to solar heating is 18% and Fig. 9 . Ampacity variation at MACT 50°C. x-axis: ampacity increase because of the combined effect of solar heating and air temperature. y-axis: ampacity increase because of wind speed. for 150°C it is reduced to 2.6%. Similarly, the ampacity increase because of air temperature is reduced from 20.8% to 3.4%. Fig. 10 is equivalent to Fig. 9 but for 150°C. The axes limits have been maintained to see the difference. The points are concentrated in a smaller area. Therefore, the ampacity increase is smaller on both axes. However, the decrease is larger on x-axis, which corresponds to solar heating and air temperature.
The percentage of situations for the different regions are shown in Table III for MACTs of 50°C and 150°C respectively. The value for regions A and B does not depend on the MACT. However, the distribution between C1 and C2 changes. The compensation effect of solar heating and air temperature is reduced and as a result, there is a transfer of situations from C1 (compensated situation) to C2 (uncompensated situation). The transfer from C1 to C2 is negative, because the unfavorable situations are more. Similarly, it also changes the distribution between D1 and D2. In this case, there is a transfer of situations from D2 (uncompensated situation) to D1 (compensated situation) because it is the wind speed that makes the compensation. The transfer from D2 to D1 is positive, because the number of favorable situations has increased. However, the number of situations in C1 + C2 is higher than the situations in D1 + D2 and thus, the number of unfavorable situations increase from 2.5% (50°C) to 29.2% (150°C).
III. ADAPTIVE STATIC LINE RATING
A constant weather assumption for the static rating results in more unfavorable situations for higher MACTs. Therefore, to maintain the same level of unfavorable situations the assumptions must change. For example, to reduce the unfavorable situations from 29.2% to 2.5% at 150°C, the wind speed assumption should change from 0.6 m/s to 0.223 m/s for the pilot line. 
A. Method Proposed for the Adaptive Static Line Rating
An adaptive SLR for system operation is proposed based on the variation of the wind speed limit with the MACT. The solar heating and air temperature assumptions are maintained constant. The wind speed is chosen because it is the magnitude with the largest effect on ampacity.
In [6] , the authors define some indicators of the security of line ratings. Indicators such as security confidence level, maximum temperature exceedance, and temperature increase in the worst 1% cases, are applied to several line rating forecasting methods. For the adaptive SLR, the security confidence level is chosen as the reference indicator. The security confidence level measures the percentage of situations where the forecasted rating is below the measured rating. The wind speed limit is selected so that the security confidence level is identical in all the MACT ranges. Table IV shows the wind speed limits for several MACTs for a security confidence level of 97.5% (2.5% of unfavorable situations). These values are represented in Fig. 11 .
B. Results Obtained in the Pilot Line
The adaptive static rating improves the security for high MACTs, but the ampacity is reduced. For example, for 150°C, the adaptive static rating results in an ampacity reduction from 744.4 A to 619.2 A. This means a reduction of the rating by 17%. Table V and Fig. 12 show the static rating and the proposed adaptive static rating.
IV. CONCLUSION
The weather magnitude assumptions of the static rating have been analyzed separately. The main conclusion is that part of the success of the static rating is because of the compensation between weather parameters in mixed situations. Success means that the static rating is safe because it is lower than the actual limit. A mixed situation is when some weather magnitudes are favorable and the remaining ones are unfavorable. The most common mixed situations are those with unfavorable wind speed and favorable air temperature and solar heating. For the pilot line, 42.3% of the cases meet these conditions. A mixed situation can be favorable or unfavorable depending on the relative effect of the weather magnitudes. An important finding of the analysis is that the relative effect changes with the MACT. For high MACTs the compensation effect of the favorable air temperature and solar heating is lower and therefore a larger percentage of the mixed situations are unfavorable. For the pilot line, for a MACT of 50°C, 94.6% of cases with unfavorable wind speed, favorable air temperature and solar heating result in a favorable condition, whereas for a MACT of 150°C, only 31.4% are favorable.
Therefore, the application of the same weather assumptions regardless of the MACT results in higher risk for conductors with high MACT. This is the case of HTLS conductors with a MACT well above 100°C. Fortunately, at high temperatures, HTLS conductors work above the knee-point temperature, and the coefficient of thermal expansion (CTE) is low. Therefore, when the MACT is limited by clearance, the clearance violation because of temperature exceedance is lower than for conventional conductors with higher CTE values. However, this is not the case when the MACT is limited by annealing.
As a result, an adaptive SLR for system operation and planning is proposed, based on a variation of the wind speed limit with the MACT. The value of the wind speed assumption decreases as the MACT increases. In the case of the pilot line, the wind speed assumption is 0.6 m/s for 50°C MACT, but it decreases to 0.223 m/s for 150°C MACT. The security increase of the method is related to a decrease on the line rating. For 150°C MACT, the rating reduction is 16.8%.
